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ABSTRACT

A method of monitoring quality of a control circuit in a power
plant is provided. The quality of the control circuit is continu-
ously assessed by determining characteristic quantities
describing the quality by applying a plurality of testing meth-
ods suitable for describing dynamic properties of the control
circuit to current operating data originating from the instru-
mentation and control equipment of the power plant, and by
evaluating the characteristic quantities. Further, a system and
a computer readable medium are provided.
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METHOD FOR MONITORING THE QUALITY
OF A CONTROL CIRCUIT IN A POWER
PLANT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is the US National Stage of Inter-
national Application No. PCT/EP2008/064678 filed. Oct. 29,
2008, and claims the benefit thereof. The International Appli-
cation claims the benefits of German Patent Application No.
10 2007 051 547.4 DE filed Oct. 29, 2007. All of the appli-
cations are incorporated by reference herein in their entirety.

FIELD OF INVENTION

[0002] The invention relates to a method for monitoring the
quality of a control circuit in a power plant. The invention
additionally relates to a system for monitoring the quality of
a control circuit in a power plant, instrumentation and control
equipment for a power plant and a computer program for
monitoring the quality of a control circuit in a power plant.

SUMMARY OF INVENTION

[0003] Inpower plants, i.e. industrial facilities for produc-
ing electricity and in some cases also thermal power, complex
process engineering processes take place. For example, it is
necessary not only to run a power plant at different operating
points, but also to move quickly and efficiently between them.
Correct operation of the power plant is ensured by a large
number of control circuits.

[0004] To increase cost-effectiveness, modern control
methods are increasingly used, the manipulated variables of
which are the setpoints of underlying control systems. Said
modern control methods require that the control circuits func-
tion exactly as when they were put into service.

[0005] The quality of a control circuit in a power plant,
hereinafter also referred to as “control quality”, changes dur-
ing operation due to changes in the process equipment, e.g.
fouling, wearout of the mechanical actuators (valves, motors,
etc.) among other things. Such changes in the control quality
can adversely affect the plan’s operation and cost-effective-
ness.

[0006] The deterioration is detected by monitoring the con-
trol quality, and the controller can be adapted to the new
conditions. For this purpose, the control quality is determined
from time to time from archived operating data with the aid of
external computers. Complex mathematical methods are used
here, the results of which have to be interpreted by experts. In
some existing systems, small disturbances must be applied to
the process in order to determine the control quality. One
disadvantage of this is that a deterioration in the control
quality can only be ascertained when a monitoring procedure
is initiated by a higher-order process.

[0007] Anobject of the present invention is to provide early
detection of deterioration in the quality of a control circuit in
a power plant.

[0008] This object is achieved by a method as claimed in
the independent claim. The advantages and embodiments
explained below in the context of the method also apply
mutatis mutandis to the system according to the invention.
[0009] It is inventively provided that the control quality of
a control circuit is continuously assessed. For such continu-
ous control circuit quality monitoring, characteristic quanti-
ties describing the control quality are determined. These char-

Nov. 4, 2010

acteristic quantities are also evaluated. To determine the
characteristic quantities, testing methods are applied to cur-
rent operating data originating from the power plant’s instru-
mentation and control equipment. The testing methods are
methods that are suitable for describing dynamic properties
of a control circuit.

[0010] In contrast to the prior art, the control quality is not
therefore monitored at intervals using archive data, but per-
manently and enduringly, “online” so to speak, and using
current operating data. Any deterioration of the control qual-
ity is therefore immediately apparent. The controller can be
corrected or other action taken without delay.

[0011] A central idea ofthe invention is therefore to provide
systematic controller assessment which rates both steady-
state and dynamic behavior of a control circuit on the basis of
characteristic quantities. The major advantage of this is the
immediacy. The inventive monitoring of control circuit qual-
ity gives the plant operator instant feedback about the control
quality. Critical control circuits can therefore be filtered out
during operation. Unlike in conventional systems, there is no
need to wait until enough relevant data has been collected and
processed.

[0012] The control circuits of a power plant, which are in
most cases adjusted once during the startup phase and only
rarely re-adjusted thereafter, are inventively evaluated sys-
tematically and can therefore also be regularly improved.
This reduces the plant operator’s workload. The efficiency of
the power plant is increased and the operating costs reduced,
as each badly adjusted control circuit causes additional mass
flows which cannot be converted into output and therefore
reduce the cost-effectiveness of the plant.

[0013] Since with the aid of the invention it can be quickly
ascertained which control circuit is functioning inadequately,
no unnecessary time is taken up looking for it. Conversely,
more time is available for optimizing the control circuit.
[0014] Ingeneral, control circuits change only very slowly
over time. A deterioration in the control quality is therefore
only detected relatively late by the plant operator. With the
control quality monitoring system according to the invention,
the rate of deterioration is irrelevant.

[0015] Of particular importance is the fact that the pro-
posed uninterrupted control circuit quality monitoring can
provide an overall view and assessment of all the control
circuits of a power plant in a particularly simple manner. The
control circuits of a power plant can therefore undergo a
continuous improvement process.

[0016] The object is also achieved by a system for moni-
toring the quality of a control system in a power plant, having
means to carry out the method described.

[0017] The object is also achieved by power plant instru-
mentation and control equipment in which such a system is
incorporated. The integration ensures simple data and infor-
mation flow within the power plant instrumentation and con-
trol equipment. This simplifies uninterrupted monitoring of
the control quality and allows an immediate, possibly even
automated response to control quality deteriorations, e.g. in
the form ofaction initiated by the instrumentation and control
equipment.

[0018] The object is also achieved by a computer program
for monitoring the quality ofa control circuit in a power plant,
said computer program being characterized in that it has
computer program instructions for continuous assessment of
the control quality by determining characteristic quantities
describing the control circuit by applying a number of testing
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methods suitable for describing dynamic properties of a con-
trol circuit to operating data originating from the power
plant’s instrumentation and control equipment and evaluating
said characteristic quantities when the computer program is
run on a computer, preferably a power plant instrumentation
and control computer.

[0019] In other words, the inventive system preferably
incorporated in the instrumentation and control equipment of
the power plant is designed to carry out the described method
for monitoring the quality ofa control circuit in a power plant.
Said system is preferably a data processing unit, designed to
perform all the steps according to the method described here
which are associated with the processing of data. The data
processing unit preferably has a number of functional mod-
ules, each functional module being implemented to perform a
particular function or number of particular functions accord-
ing to the described method. In other words, the functional
modules of the data processing unit are the means for execut-
ing the described method. Said functional modules can be
hardware modules or software modules. In other words, inso-
far as it relates to the data processing unit, the invention can be
realized either in the form of computer hardware or in the
form of computer software or in a combination of hardware
and software. Where the invention is realized in software, i.e.
as a computer program product, all the functions described
are implemented by computer program instructions when the
computer program is run on a computer with a processor. Said
computer program instructions are realized in per se known
manner in any programming language and can be made avail-
able to the computer in any form, e.g. in the form of data
packets transmitted over a computer network, or in the form
of' a computer program product stored on a diskette, a CD-
ROM or other data media. In other words, the invention is
preferably implemented in software as an integral component
of an instrumentation and control computer.

[0020] Advantageous embodiments of the invention are set
forth in the dependent claims.

[0021] The control circuit quality monitoring system
according to the invention is designed not only to assess and
monitor the control quality under steady-state conditions but
also the dynamics of the control circuit. The dynamic behav-
ior of a control circuit manifests itself in setpoint changes. It
is not therefore necessary to register the characteristic quan-
tities of the control circuit both under steady-state conditions
and in the event of setpoint changes. A load change involves,
on the one hand, a setpoint change of a large number of
control circuits. On the other hand, the load change causes
larger disturbances in the control circuits than during steady-
state operation. For the control quality, a distinction must
therefore be made between steady state and load change. In
other words, to prevent the characteristic quantities from
being incorrectly calculated due to transients, it must be pre-
cisely defined when a steady state obtains and when a load
change is present. For this purpose, in one embodiment of the
invention, power plant operation is subdivided into load pro-
files and the control quality is assessed separately in each case
for said load profiles such that the characteristic quantities
describe the control quality at constant load or at load
changes. The load profiles will hereinafter also be referred to
as “categories”.

[0022] To obtain the characteristic quantities, operating
data from the instrumentation and control equipment of the
power plant is used. Said operating data is advantageously
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used uncompressed and/or unprocessed so that there is no
additional computational complexity.

[0023] The testing methods are preferably methods that are
suitable not only for describing steady-state properties of the
control circuit but also for describing dynamic properties of a
control circuit. In addition, however, methods can also be
used which are suitable solely for describing dynamic prop-
erties of a control circuit and not for describing steady-state
properties, or else methods which are suitable solely for
describing steady-state properties of a control circuit and not
for describing dynamic properties.

[0024] To describe the dynamic properties of a control cir-
cuit, one or more of the following testing methods are pref-
erably used: determining the integrated absolute control error
(IAE), determining the moving average, determining the
standard deviation, detecting the occurrence of wind-up,
detecting oscillations. Here per se known mathematical meth-
ods are applied either in the usual way and/or such methods
are extended in terms of continuous control circuit quality
monitoring.

[0025] These methods used enable the characteristic quan-
tities to be calculated in a comparatively simple manner. As
the control circuit quality monitoring system is preferably
installed in the instrumentation and control system of a power
plant to monitor a large number of control circuits there, the
necessary memory space and the required computing time
must not be excessively large in order to guarantee the full
functionality of the instrumentation and control system while
at the same time performing the monitoring function.

[0026] The control circuit quality monitoring is designed
such that comparatively few parameters must be set, as the
time available to an engineer for adjusting a control circuit,
especially a subsidiary control circuit, and monitoring it dur-
ing the startup phase, is limited. This simplifies and speeds up
the commissioning of the control circuit quality monitoring
system.

[0027] The control circuit quality monitoring system ful-
fills the criterion of process independence. In other words, it
operates for different processes, so that it can be applied to a
plurality of control circuits within a power plant which differ
in respect of the process to be controlled, actuators, measur-
ing elements, etc.

[0028] Models mainly exist only for higher-order, more
complex control systems. Lower-order controlled systems
are often not modeled, as the benefit does not justify the
expense. As the area of application of the control circuit
monitoring according to the invention is lower-order control
systems, it must be assumed that no models are available or
are produced. The control circuit quality monitoring accord-
ing to the invention therefore fulfills the criterion of model
independence. For assessing the control quality, it is not abso-
lutely necessary for a suitable model of the controlled system
to be available.

[0029] In one embodiment of the invention, a two-part
method sequence is provided. First, reference control quali-
ties for load changes and steady state, i.e. a state without load
changes, are determined in a learning phase. During said
learning phase, an engineer or the like observes the control
circuits. The control circuits must be defined as satisfactory
by the engineer during the learning phase. If this is not the
case, the control circuits must be re-adjusted and the learning
phase is repeated. Then, in a monitoring phase, the thus deter-
mined reference control qualities are used as comparison
values for assessing the continuously determined control
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quality. Preferably both the changes in the characteristic
quantities and the overall quality are output as the result.
[0030] In another embodiment of the invention, when
evaluating the characteristic quantities, an exceedance of per-
missible deviations is determined and a deterioration of the
controlled variable is output as the number of characteristic
quantities for which such an exceedance is present. For
example, if five characteristic quantities are evaluated and a
deterioration in control quality is determined because two of
said five characteristic quantities have changed impermissi-
bly, a signal is output which indicates a “2 out of 5 deterio-
ration. This means that two out of five characteristic quanti-
ties have exceeded the permissible deviations. This
information can be output in different ways, e.g. via a visual
and/or audible display. In other words, the plant operator
receives at all times easy-to-understand feedback about the
state of the control circuits. This means that no expert is
required to interpret the results.

[0031] Ifimmediate “on-line” evaluation of control quality
is not to take place, but further analysis is planned, the char-
acteristic quantities are preferably additionally recorded in an
archive and/or made available for more detailed analyses.
Said archive can be implemented in the form of a data
memory as an integral part of the instrumentation and control
equipment of the power plant. However, in the light of limited
computing and storage capacities of the instrumentation and
control system, archiving or forwarding of the characteristic
quantities to an external receiver, e.g. an archiving and/or
analyzing computer outside the power plant instrumentation
and control system, is provided.

[0032] Tosummarize, it can be stated that with the aid of the
present invention it is possible, without additional hardware,
to provide the user, in this case the plant operator, with direct
information about the quality of the control circuits in the
power plant. If a deterioration in control quality is ascer-
tained, the control circuits affected can be analyzed. An
expert, e.g. an engineer, can then change the controller setting
or if necessary change the control strategy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The invention will now be described with reference
to exemplary embodiments which are explained in greater
detail with the aid of the accompanying drawings. These are
simplified, in some cases schematic illustrations in which:
[0034] FIG. 1 shows a power plant,

[0035] FIG. 2 shows an CODA loop,

[0036] FIG. 3 shows a learning phase,

[0037] FIG. 4 shows a monitoring phase,

[0038] FIG. 5 shows a control quality setpoint monitoring
system,

[0039] FIG. 6 shows a single-loop control circuit,

[0040] FIG. 7 shows a controlled variable,

[0041] FIG. 8 shows a setpoint change,

[0042] FIG. 9 shows a noisy measurement signal of the
controlled variable,

[0043] FIG. 10 shows a moving average of the measured
variable,

[0044] FIG. 11 shows a signal waveform with moving aver-
age,

[0045] FIG. 12 shows an oscillation of the control error,
[0046] FIG. 13 shows an asymmetrical oscillation of the
control error,

[0047] FIG. 14 shows a ramped setpoint change with noise,
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[0048] FIG. 15 shows minima and maxima in the IAE
response,

[0049] FIG. 16 shows an IAE time slice for a load change,
[0050] FIG. 17 shows an average of the controlled variable,

[0051] FIG. 18 shows a setpoint change with noise,
[0052] FIG. 19 shows a control error,

[0053] FIG. 20 shows minima and maxima of the standard
deviation,

[0054] FIG. 21 shows a binary wind-up signal,

[0055] FIG. 22 shows a relative wind-up signal,

[0056] FIG. 23 shows an oscillation after setpoint change
(4%/min),

[0057] FIG. 24 shows an oscillation after setpoint change
(2%/min),

[0058] FIG. 25 shows an oscillation after setpoint change
(-4%/min),

[0059] FIG. 26 shows an oscillation detection flowchart,
[0060] FIG. 27 shows oscillation detection (first method),
[0061] FIG. 28 shows oscillation detection (second
method),

[0062] FIG. 29 shows an oscillation detection flowchart,
[0063] FIG. 30 shows a setpoint response,

[0064] FIG. 31 shows a setpoint and controlled variable
response,

[0065] FIG. 32 shows an IAE response for a dynamic pro-
cess,

[0066] FIG. 33 shows an IAE response for steady-state
recording,

[0067] FIG. 34 shows a moving average of the control error,
[0068] FIG. 35 shows a standard deviation of the control
error,

[0069] FIG. 36 shows a standard deviation of the controlled
variable,

[0070] FIG. 37 shows a standard deviation of the manipu-
lated variable,

[0071] FIG. 38 shows an IAE response,

[0072] FIG. 39 shows an IAE response,

[0073] FIG. 40 shows a moving average of the control error,
[0074] FIG. 41 shows a standard deviation of the control
error,

[0075] FIG. 42 shows a standard deviation of the controlled
variable,

[0076] FIG. 43 shows a standard deviation of the manipu-
lated variable,

[0077] FIG. 44 shows a display possibility using colors.

DETAILED DESCRIPTION OF INVENTION

[0078] Identical reference characters in the Figures
described below correspond to elements of the same or com-
parable function.

[0079] The control circuit quality monitoring system is
used in the instrumentation and control equipment of a power
plant, particularly in an SPPA T3000 instrumentation and
control system. The instrumentation and control system
acquires the measurements from the plant and controls the
actuators. All the controls which are not directly implemented
in the field are installed here. The control circuit quality
monitoring system can therefore access all the relevant oper-
ating data. Said control circuit quality monitoring system is
subject to the computing cycle in which calculations are
performed in the instrumentation and control system (e.g.
every 100 ms). FIG. 1 schematically illustrates a power plant
100 with an instrumentation and control system 10 which has
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a computer 11 on which control circuit quality monitoring
according to the invention in the form of a computer program
1 is executed.

[0080] The control circuit quality monitoring system is
used for continuous monitoring of the power plant. However,
the control circuits not only have to be monitored. Unsatis-
factory control circuits must be filtered out and analyzed. The
cause of the inadequate control quality is determined by
detailed analysis. To improve the control quality, counter-
measures must be selected and implemented. The monitor-
ing, analysis and the selection and implementation of coun-
termeasures must take place continuously in order to
maintain constant or improve the control quality and there-
fore also the efficiency of the control circuit. To ensure the
continuity of this process, an overall strategy for controller
assessment is necessary.

[0081] One possibility here is to use an OODA loop, see
FIG. 2. The OODA loop consists of four elements: observa-
tion, orientation, decision and action. In the observation
phase 200, data concerning the control circuit is collected.
This data is analyzed and assessed in the orientation phase
201. Using the analysis, countermeasures can be selected in
the decision phase 202. These are implemented in the action
phase 203. With the control circuit quality monitoring system
according to the invention, the observation 200 and orienta-
tion phases 201 are merged. The collecting of data and assess-
ment of the control quality is performed “on-line” by the
control circuit quality monitoring system. The more detailed
analysis and the countermeasures are carried out by a control
engineer. Conspicuous control circuits are pre-selected by the
control quality monitoring system and provided with mean-
ingful characteristic numbers. By registering the characteris-
tic quantities it is additionally possible to specify precisely
the change in the control quality following a control change.
[0082] The control circuit quality monitoring according to
the invention is part of a bottom-up assessment. This means
that the control circuits are assessed individually and there-
fore the plant is monitored from bottom to top. To determine
the control quality, the characteristic quantities which rate the
control quality under steady-state conditions and in the event
of setpoint changes are determined using methods presented
in detail below.

[0083] Said steady state is defined using a constant € as
follows:

d
%mem <gfor r=T;

[0084] The characteristic numbers for the load change are
calculated if the following condition is fulfilled:

dP, setpoint

<g forr=T,
ar 0 L

sy <

[0085] and with the additional condition that a steady state
has first been ascertained. The time constants T, and T, are
multiples of the cumulative time constant T, of the con-
trolled system observed.

[0086] ILoad changes that are too short to fulfill the above-
mentioned condition, or load changes that are too large, are
placed in another category “Other”. This category is used
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only for orientation over a lengthy period and not for explicit
assessment of the control quality.

[0087] Inorderto determine a change in the control quality,
a reference control quality is defined. The behavior of the
control circuits must first be assessed as satisfactory by an
expert, e.g. an engineer. Then, in a so-called learning phase,
the control circuit quality monitoring system according to the
invention registers the dynamic and static properties of the
control circuit, see FIG. 3. These are used as reference for the
monitoring. In the subsequent monitoring phase, the control
circuit quality monitoring system continuously monitors the
control circuit using the reference, see FIG. 4. Deviations
occurring which exceed the predefined tolerances are indi-
cated as a reduction in control quality.

[0088] The learning phase critically determines the subse-
quent monitoring phase. If the control circuit is not already
satisfactorily adjusted, e.g. oscillations or wind-up frequently
occur, only a worse control quality can be ascertained in the
monitoring phase. If the control quality remains at a constant
but poor level, the control circuit cannot be filtered out by the
control circuit quality monitoring system.

[0089] In the monitoring phase, the control quality is con-
tinuously determined, both the changes in the characteristic
quantities and the overall quality being output, see FIG. 5.

[0090] Details of the measurement data or operating data
flow within the instrumentation and control system of the
power plant to the control circuit quality monitoring software
implemented as a module of the instrumentation and control
system as well as information concerning the interface pro-
gramming, etc. are not specified, as they are familiar to the
average person skilled in the art.

[0091] Before the mode of operation of the control circuit
quality monitoring is illustrated on the basis of a test, the
mathematical methods preferably used for determining the
characteristic quantities will be described.

[0092] By way of example, a control circuit of a power
plant as depicted in FIG. 6 will be assumed. The setpoints are
denoted by S, the controlled variable by R, the manipulated
variable by u and the control error by e. This single-loop
control circuit serves as the basis for the following consider-
ations and explanations of the methods.

[0093] The most important and meaningful variable for
assessing the control quality is the control error e(t), i.e. the
difference between setpoint S(t) and controlled variable R(t).
Considering the control error only at certain points gives no
information about the dynamic behavior of the control circuit.
Therefore, the response of the integral absolute error (IAE) is
considered.

T
IAE:f le()| dr
0

[0094] This method assesses the control error response lin-
early over the period of time considered (observation period)
T and therefore indicates the dynamic properties of the con-
trol circuit.

[0095] The properties of the control circuit in respect of
disturbance correction are assessed by integration overtime T
under steady-state conditions. The better the controller cor-
rects disturbances, the smaller the area between controlled
variable R and setpoint S, see FIG. 7.
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[0096] The dynamic behavior in the event of setpoint
changes is assessed. If the control circuit is well able to follow
the setpoint, the integral is small, see FIG. 8.

[0097] Measured signals are generally noisy to a lesser or
greater extent. In order to increase the meaningfulness of the
measurement signals and make e.g. trends clearer, it is nec-
essary to determine the mean value of a signal. The mean
value over time T is calculated as follows:

1 T
Meanvalue = —f x(ndr
TJo

[0098] As shown in FIG. 9 and FIG. 10, the signal is
smoothed and a sinusoidal oscillation is clearly evident. The
amplitudes are also lower. The use of the moving average M
is therefore important because only thus can a permanent
control deviation be ascertained. In the case of a noisy signal
X, it is not possible to measure the permanent control error.
The signal is smoothed by the moving average M and the
permanent control error becomes clear.

[0099] Not only the mean value of a signal is relevant for
assessing the control quality, but also the deviation from the
mean value. Said deviation from the mean is the standard
deviation. The standard deviation is defined as the square root
of'the variance of the signal and therefore has the same unit as
the measured values:

o=V Var(X)

ie.

o ~VE(X-EX)))

where o, is the standard deviation of the measured signal x(t)
and E[ . . . ] the expected value of [ . . . .

[0100] If the mean value of the controlled variable moves
closely around the setpoint, for example, a large variance
means that the control is nevertheless not functioning satis-
factorily. A large variance means that disturbances are not
adequately damped. The standard deviation is estimated for
samples using the following equation:

g -2
N_ligl(xi—x)

Sy =

[0101] In other words, S, represents the estimate for the
standard deviation of x(t).

[0102] For cumulative samples (measured values) it is
impractical to store all the measured values and calculate the
standard deviation. The standard deviation is therefore esti-
mated using the following equation:

N N2

NY 7 - (2 Xi]
i=1 =1
NN D)

Sy =

[0103] The mean value is defined as follows:

=

1}
1=
z| %

[0104] Disturbances in the control circuit force the con-
trolled variable away from its setpoint. The object of the
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control is to bring it back. If the control is operating properly,
the deviations are small, see FIG. 11 which shows a signal
waveform X with a moving average M.

[0105] Another important characteristic quantity which
indicates whether the control circuit is operating satisfacto-
rily is the time period which occurs in the wind-up.

P B Tying-up
Windtp = T G parve
[0106] Wind-up means that the actuator cannot adjust the

manipulated variable to the value set by the controller. This
may be the case when the actuator is at an end stop (e.g.
completely open or completely closed) or when the actuator
cannot be adjusted more quickly. The occurrence of wind-up
means that the controller loses its control capability and dis-
turbances can only be exacerbated or not corrected at all. It is
therefore necessary to relate the time period with wind-up
(Tiina-rp) t0 an observation time (T 5y,,.,) in order to observe
the control quality. Causes of wind-up include worn actuators
or actuators which can only act monotonically on the con-
trolled system, e.g. only inject water, and actuators which
have been incorrectly designed and do not allow the required
manipulated variables or rates of change.

[0107] Oscillations occur in control circuits if the control is
not functioning satisfactorily. The causes of this are many and
varied, e.g. high friction in the actuator or incorrect controller
settings which result in oscillations. Oscillations in a control
circuit can spread over the entire plant, thereby severely dis-
turbing operation. It is therefore important that the control
circuit quality monitoring system according to the invention
can also detect oscillations in order to simplify subsequent
cause analysis. In the case of plant-wide oscillations, it is
important to filter out the control circuit causing the oscilla-
tion from all the oscillating control circuits.

[0108] Two methods for detecting oscillations in control
circuits will now be presented. The first method compares the
quotient of the absolute value of the control error (IAE)
between two zero crossings

T+l
IAE; = f le(n)| dr
1

i

and the time between the zero crossings, with a constant term:

IAE
— =0

AT;

[0109] If this holds true, the deviation between the zero
crossings was part of an oscillation and not noise. An impor-
tant element of this method is the constant 5. This determines
whether or not a deviation of the control error is part of an
oscillation. It is assumed that 8 is the product of the root mean
square o and the constant C. A value for C has to be obtained
by experience and experiment. For estimation of the con-
stants this gives:

IAE
ar 2%

where o as the standard deviation of the control error and C is
the quotient of maximum and standard deviation.
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[0110] The second method for detecting oscillations in con-
trol circuits compares areas and time lags to detect oscilla-
tions. The absolute control error is integrated between the
zero crossings, as in the case of the first method. The time
between the zero crossings is likewise measured. If the areas
(areas of the control deviations between the zero crossings)
are on the same side of the control error and the associated
times are similar, an oscillation is present. FIG. 12 shows a
typical waveform, the associated areas and the measured
times. Ifthe areas A, and A, the times 8, and 9, , the areas B,
and B, and the times €, and €, are similar, an oscillation is
detected.

[0111] One aspect of this method is that it can also be used
to detect asymmetrical oscillations, as only the areas on the
same side of the control error can ever be compared with one
another. This is advantageous if, as shown in FIG. 13, the
areas B, and B, are not immediately detected as part of an
oscillation and e.g. the areas A, and A, are interpreted as two
mutually independent disturbances.

[0112] An example of control circuit quality monitoring
will now be described. FIG. 14 shows a typical response of the
controlled variable of a control circuit in the event of a ramped
setpoint change. The associated waveform of the integral
absolute error is shown in FIG. 15. It can be clearly seen that
there are three minima.

[0113] Under steady-state conditions, only the noise deter-
mines the IAE response. During the setpoint change, there is
one transition region, after which control error is virtually
constant. During the transition region, maxima and minima
occur in the IAE response, see FIG. 15. The minima describe
the behavior of the control circuit under steady-state condi-
tions.

[0114] In steady state, the IAE is determined only by the
noise. Therefore a large time period must be integrated in
order not to track the noise. If a large time period is selected,
here T=6xTg,,,,, the noise suppression is measured with IAE,

Sum>
see also FIG. 7.
[0115] In the case of load changes, the maxima occurring

during them indicate the dynamic properties. For identical
load change, the maxima are approximately identical. If the
control circuit becomes more sluggish, the maximum
increases, as the control error also increases automatically
compared to the reference due to the more sluggish control
circuit. The inertia of the control circuit is therefore moni-
tored with the recording of the maximum, see FIG. 16.

[0116] The mean value of the control error indicates how
well the controlled variable is approximated to the setpoint by
the control system. The minimum of the control error is
therefore the characteristic number for a permanent control
deviation. If the control error moves close to zero under
steady-state conditions, there is no permanent control devia-
tion, see FIG. 17.

[0117] The minimum permanent control deviation that has
occurred after setpoint changes is stored in the learning phase.
Excessively large deviations from this reference value indi-
cate reduced control quality. This may be caused by, for
example, constant disturbances or worn-out actuators.
[0118] FIGS. 18 and 19 show a ramped setpoint change and
the associated control error. The standard deviation associ-
ated with the control error is illustrated in FIG. 20. The
minima of the standard deviation are produced solely by the
noise and therefore indicate how quietly the process is being
controlled.
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[0119] In the event of a load change, the maxima are pro-
duced by the transition from steady state to setpoint change
and back. If the maximum increases, disturbances during the
setpoint change prevent a better control quality, cf. FIG. 20.
[0120] In order to determine the relative wind-up time, an
observation period must be determined. Here too it is practi-
cal to assume the time period to be a multiple of the cumula-
tive time constant, e.g. T=4xT,,,,. If wind-up occurs, see
FIG. 21, a response as shown in FIG. 22 is produced. A
ramped response is produced by the moving time window.
[0121] The FIGS. 23, 24 and 25 show the occurrence of
oscillations after a setpoint change. How the two above meth-
ods detect these oscillation and which adaptations took place
for using the methods for control circuit quality monitoring
will now be described.

[0122] The adaptations of the first method to on-line detec-
tion are slight. The main elements are the introduction of a
threshold value and the forgetting factor y. These reduce
erroneous detections due to noise. A flowchart for the adapted
algorithm for on-line detection is shown in FIG. 26.

[0123] FIG. 27 shows oscillation detection according to the
first method. The high sensitivity of this method is shown for
the first oscillation occurring at t=12200s, see also FIG. 23.
As only a small number of sub-cycles are necessary (depend-
ing on the threshold value), the oscillation index jumps to 1
twice within a short time and therefore indicates an oscilla-
tion.

[0124] Inorderto optimize the second method for detecting
oscillations for on-line detection and avoid mistaking noise
for oscillation, the conditions already described above are
extended. The areas and times not only have to be similar, but
the quotientofarea A, and time 9,, or B, and €;,, must be greater
than the root mean square (Luis) of the signal, see the two
following equations:

w<—Ai+l<£/\,B<6i—4rl l/\ﬁ>rms
A; @ S B S

w<Bi+l <£AIB<8‘.—+1<£AE>rms
B; @ & B s

[0125] Therefore, a deviation from the setpoint must be
greater than the root mean square to be detected as part of an
oscillation.

[0126] FIG. 28 shows the output of the oscillation detection
according to the second method. Clearly apparent is the lesser
“rigor” of this method, e.g. the oscillation after 15150 sec-
onds is not detected.

[0127] InFIG. 29 shows the algorithm for on-line detection
as a flowchart. This algorithm is executed at each timestep.
[0128] Testing of the control circuit quality monitoring will
now be described. The simulated controlled system has a
cumulative time constant of T, =100 s. Three ramps are
defined as setpoint changes, see FIG. 30. The ramps have a
rate of change of 4%/min, 2%/min and =4%/min.

[0129] In the learning phase, characteristic quantities for
the control quality reference are recorded. In addition to the
setpoint changes, white noise with intensity 1 is applied to the
system. For the previously defined setpoint response, see
FIG. 31, the waveforms shown in FIGS. 32 to 37 are pro-
duced. For example, FIG. 32 shows the IAE response for
dynamic processes in which the relevant curve maxima are
marked, whereas FIG. 33 shows the IAE response for steady-
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state detection in which the relevant curve minima are
marked. The IAE calculation differs in respect of the moni-
toring time (“IAE short” or “IAE long”).

[0130] The following reference values are produced:
Criterion Reference value
IAE short 12
IAE long 5
Moving average 0

Standard deviation control error
Standard deviation controlled variable
Standard deviation manipulated variable

Min: 0.01; Max: 0.07
Min: 0.01; Max: 5.85
Min: 0.1; Max: 7.3

Wind-up 0
Oscillation index 0
[0131] Next the behavior of the controlled system is simu-

lated using an actuator which is more sluggish than in the
learning phase, i.e. the actuator’s time constant is greater than
in the learning phase, T, >T,_, z. For this case the wave-
forms as shown in FIGS. 38 to 43 are produced. Clearly
visible are the positive changes in the minimum and maxi-
mum of the IAE response, i.e. a more sluggish control circuit
is detected both under steady-state conditions and in the case
of setpoint changes. The inertia is additionally manifested in
a larger mean value of the control deviation after setpoint
changes and in the larger standard deviation of the control
error. The minimum of the standard deviation of the manipu-
lated variable is reduced in the case a more sluggish actuator.
The current values and changes are set out in the following
table.

Criterion Current value Change [%]
IAE short 17.3 44
IAE long 6 20
Moving average 0 0
Standard deviation control error Min: 0.01; 0
Max: 0.125 79
Standard deviation controlled Min: 0.01; 0
variable Max: 5.85 0
Standard deviation manipulated Min: 0.05; =50
variable Max: 7.35 0.07
Wind-up 0 0
Oscillation index 0 0
[0132] Detecting a deterioration in the control quality is

critically dependent on the tolerance setting. The tolerance
specifies the deviation in exceedance of which the control
circuit quality monitoring system operates. The larger the
tolerance, the larger the deviations from the reference values
can be.

[0133] Ifthe parameters are selected too large, a deteriora-
tion in control quality will not be detected in some circum-
stances. If they are too small, natural fluctuations will cause a
“false” detection of control quality deterioration and the con-
trol circuit quality monitoring system will too often produce
alarm indications.

[0134] Thetoleranceis preferably set such that no deviating
control quality would have been found during the learning
phase. This means that the maximum value of the character-
istic quantity is within tolerance, this assuming that the occur-
rence of the maximum value of the characteristic quantity is
still assessed as satisfactory.
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[0135] To output the results of the control circuit quality
monitoring system, the characteristic quantities are prefer-
ably displayed. One possibility is to graphically represent the
various plant sections and control circuits on a screen and to
visualize the current control quality by assigning a color code
to the individual objects represented. Another possibility is to
display the number of characteristic quantities exceeding the
tolerance limits, see FIG. 44. Said display is preferably sub-
divided into three ranges. A first range [ will display a non-
critical indication which is not necessarily associated with a
deteriorated control quality, e.g. if only one characteristic
quantity exceeds the specified tolerance value. A second
range II of the display will indicate a deteriorated control
quality that is tolerable, but must be investigated, e.g. having
two or three deficient characteristic quantities. A third range
11T of the display will indicate a severely deteriorated control
quality compared to the reference, e.g. having more than three
deficient characteristic quantities. In the latter case, warnings
are immediately issued in the instrumentation and control
system.

[0136] If a plurality of subordinate controls systems are
combined, e.g. a plurality of controlled coal pulverizers of a
coal-fired power plant, criteria are added and the ranges
adapted. In the event of reduced control quality, the relevant
control circuit is quickly found. The apportionment of the
ranges is performed during or after the learning phase in order
to check the informative value.

[0137] The setting of the tolerance parameters and the
breakdown of the ranges critically determines how the system
will react to reduced control quality and inform the user. Ifthe
tolerances are selected too small and the range limits too low,
the control circuit quality monitoring system will react too
quickly. Conversely, i.e. with the tolerances too large and the
range limits too high, no control quality deterioration will be
indicated.

[0138] Self-evidently the display ranges can also be defined
differently. The results of quality monitoring can likewise be
displayed in some other way.

1-9. (canceled)

10. A method of monitoring quality of a control circuit in a
power plant, comprising:

continuously assessing the quality of the control circuit by

determining characteristic quantities describing the
quality by applying a plurality of testing methods
suitable for describing dynamic properties of the con-
trol circuit to current operating data originating from
the instrumentation and control equipment of the
power plant; and

evaluating the characteristic quantities.

11. The method as claimed in claim 10, wherein a power
plant operation is subdivided into load profiles and the quality
is assessed separately for each of the load profiles such that
the characteristic quantities describe the quality at constant
load.

12. The method as claimed in claim 10, wherein a power
plant operation is subdivided into load profiles and the quality
is assessed separately for each of the load profiles such that
the characteristic quantities describe the quality at load
changes.

13. The method as claimed in claim 10, wherein a power
plant operation is subdivided into load profiles and the quality
is assessed separately for each of the load profiles such that
the characteristic quantities describe the quality at constant
load and load changes.
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14. The method as claimed in claim 10, wherein the testing
methods suitable for describing dynamic properties of the
control circuit are selected from the group consisting of the
following testing methods: determining the integral absolute
control error (IAE), determining the moving average, deter-
mining the standard deviation, detecting the occurrence of
wind-up, detecting oscillations, and a combination thereof.

15. The method as claimed in claim 10, wherein, in a
learning phase, a reference control quality is determined
which is used as a comparison value for assessing the control
quality in a monitoring phase following the learning phase.

16. The method as claimed in claim 10, wherein, for evalu-
ating the characteristic quantities, an exceedance of permis-
sible deviations is determined and a deterioration of the con-
trolled variable is output as the number of characteristic
quantities including such an exceedance.

17. The method as claimed in claim 10, wherein the char-
acteristic quantities are stored in an archive.

18. The method as claimed in claim 10, wherein the char-
acteristic quantities are made available for a detailed analysis.

19. The method as claimed in claim 10, wherein the char-
acteristic quantities are stored in an archive and are made
available for a detailed analysis.

20. A system of monitoring quality of a control circuit in a
power plant, comprising:

means for continuously assessing the quality of the control

circuit including

means for determining characteristic quantities describ-
ing the quality by applying a plurality of testing meth-
ods suitable for describing dynamic properties of the
control circuit to current operating data originating
from the instrumentation and control equipment of
the power plant; and

means for evaluating the characteristic quantities.

21. A computer readable medium storing a computer pro-
gram for monitoring quality of a control circuit in a power
plant, with computer program instructions for continuous
assessment of the control quality by determining character-
istic quantities describing the control quality by applying a
plurality of testing methods suitable for describing dynamic
properties of a control circuit to current operating data origi-
nating from the instrumentation and control equipment of the
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power plant and evaluating the characteristic quantities when
the computer program is run on a computer.

22. The computer readable medium as claimed in claim 21,
wherein a power plant operation is subdivided into load pro-
files and the quality is assessed separately for each of the load
profiles such that the characteristic quantities describe the
quality at constant load.

23. The computer readable medium as claimed in claim 21,
wherein a power plant operation is subdivided into load pro-
files and the quality is assessed separately for each of the load
profiles such that the characteristic quantities describe the
quality at load changes.

24. The computer readable medium as claimed in claim 21,
wherein a power plant operation is subdivided into load pro-
files and the quality is assessed separately for each of the load
profiles such that the characteristic quantities describe the
quality at constant load and load changes.

25. The computer readable medium as claimed in claim 21,
wherein the testing methods suitable for describing dynamic
properties of the control circuit are selected from the group
consisting of the following testing methods: determining the
integral absolute control error (IAE), determining the moving
average, determining the standard deviation, detecting the
occurrence of wind-up, detecting oscillations, and a combi-
nation thereof.

26. The computer readable medium as claimed in claim 21,
wherein, in a learning phase, a reference control quality is
determined which is used as a comparison value for assessing
the control quality in a monitoring phase following the learn-
ing phase.

27. The computer readable medium as claimed in claim 21,
wherein, for evaluating the characteristic quantities, an
exceedance of permissible deviations is determined and a
deterioration of the controlled variable is output as the num-
ber of characteristic quantities including such an exceedance.

28. The computer readable medium as claimed in claim 21,
wherein the characteristic quantities are stored in an archive.

29. The computer readable medium as claimed in claim 21,
wherein the characteristic quantities are made available for a
detailed analysis.



